contributes to the understanding of ALD/MLD and VPI processes at a molecular level and will support a better process optimization.
Introduction
Organic-inorganic hybrid materials are very attractive, promising a beneficial combination of the advantages of both organic and inorganic material worlds. Often they bring about novel aspects for practical applications [1] , like biocompatible artificial organs or engineered tissues [2] [3] [4] . Atomic layer deposition (ALD) is an innovative approach towards producing such hybrid materials. It has been refined in two specific ways: molecular layer deposition (MLD) [5] [6] [7] for thin film growth and vapor phase infiltration (VPI) [8] for modification of soft matter in the subsurface area.
The MLD process closely resembles the ALD process with vaporized reactive precursors being separately introduced into a reactor where they react with the substrate surface. The difference of MLD to ALD mainly refers to the choice of precursors, in MLD at least one of the precursors being substituted with an organic molecule. This strategy has proven to be very versatile, so that zincones [9] [10] [11] [12] [13] , alucones [14] [15] [16] , titanicones [17] [18] [19] and many other hybrid materials [20, 21] have been successfully grown by MLD. The resulting deposited hybrid coatings often exhibit interesting chemical or physical properties, which are distinct from those of their corresponding metal oxides and polymers.
Vapor phase infiltration (VPI) is another way to fabricate organic-inorganic hybrid materials using the ALD processing technology. In an infiltration process, typical metal organic ALD precursors are pulsed into the reactor and, instead of saturating the s urface of a substrate, which is usually a natural or synthetic polymer, they are allowed to diffuse into its subsurface area. This is achieved with an extended exposure time, during which the precursor penetrates the bulk and interacts with the embedded functional organic groups [22] [23] [24] [25] [26] [27] . VPI has been used in several variations for designing and synthesizing new hybrid materials ranging from technical polymers to individual molecules. A prominent example for the latter case is the metalation of porphyrins with Zn upon infiltration of J-aggregates with diethylzinc (DEZ) [22] . On a larger scale, it has been shown that the strength and toughness of the sp ider dragline silk have been greatly enhanced after such infiltration [24] .
Both MLD and VPI have been broadly studied and show great potential for hybrid material synthesis and soft material modification. However, the mechanisms of the chemical reactions between the metal precursors and the organic functional groups in either MLD or VPI are not understood in detail. The processing strategies rely on trial-and-error experiments and chemical intuition. The latter is mainly derived from the present knowledge in organic and metal-organic reactivity in solvent-based chemistry, and may therefore not necessarily reflect the reactivity in absence of solvents and at low pressure, which are typical conditions for both MLD and VPI [28] .
With this in mind, we performed fundamental investigations on the reactivity between the most common ALD precursor trimethylaluminium (TMA) and a selection of organic molecules with very different chemical character, as shown in Figure 1 . We used benzene rings functionalized with amine, nitro or hydroxyl groups, since those functionalities are common for many polymers. Thus, the molecules used in this work represent various classes of organic molecules, oligomers or polymers involved in MLD or VPI processes.
Density functional theory (DFT) is a powerful tool to investigate mechanisms of chemical reactions and hence predict the most suitable precursors and process conditions [28, 29] .
However, only few DFT studies have addressed aspects of MLD experiments so far [29] [30] [31] . In our approach, we evaluate the reaction mechanisms between the bespoke molecules and TMA and the stabilities of the intermediates in a concerted way by using DFT and semi in-situ XPS experiments. We find that the height of the energy barrier that needs to be overcome for strengthening the chemical bonding between TMA and the various functional groups is a crucial factor for a reaction. Upon initial binding of TMA to the respective functional group, the activation energy for dissociation of the methyl ligand from Al determines whether the reaction sequence will proceed or reverse. We find that this is strongly dependent on the functional group.
This investigation is a step towards understanding and controlling the MLD and VPI processes at the molecular level, which will certainly be helpful for the optimization of hybrid material fabrication in future. 
Experimental section
A set of di-substituted phenyls with all possible homogenous and heterogeneous combinations of hydroxyl, amino and nitro groups were chosen as substrates for the experiments, including 4-hydroquinone, 4-phenylenediamine, 4-dinitrobenzene, 4-nitrophenol, 4-aminophenol and 4-nitroaniline ( Figure 1 ). All molecules were purchased from Sigma-Aldrich. The chemicals were of analytic grade and were used as received unless otherwise stated.
Semi-in-situ MLD/XPS experiments.
In order to avoid contamination from air and humidity, exposure of the substrates to TMA was also performed inside of a load-lock that was connected with the ultrahigh vacuum (UHV) chamber of an XPS. For this purpose, the substrate chemicals were pressed into pellets and mounted onto molybdenum sample plates with commercial carbon tape. Although care was taken to completely cover the carbon tape with the pellets, some contribution from the carbon tape to the resulting XPS spectra cannot be excluded. The samples were introduced into the load-lock of the UHV system. After evacuating the load-lock to about 10 -6 mbar the pellets were transferred into the UHV-XPS chamber operating at a base pressure of 3×10 -10 mbar. The samples were cooled down to about 100 K to prevent sublimation and measured. After the reference measurements, the samples were transferred back into the loadlock and allowed to heat up to room temperature. Then the pellets were exposed to TMA by introducing the vapors directly into the load-lock, maintaining a TMA partial pressure of several mbar for several tens of seconds. Subsequently, the load-lock was re-evacuated and the samples were transferred back into the UHV chamber, cooled down and measured with XPS. Finally, the samples were transferred back again into the load-lock to test the stability of the bonding between TMA and the molecules by venting the load-lock and exposing the sample to air. After exposure, the load-lock was evacuated again, and the sample was transferred back into the XPS/UHV chamber and measured. Thus, each sample was measured three times: prior to TMA dosing, after TMA dosing and after exposure to air.
As MLD processes are performed on solid substrates, an MLD type of growth using TMA and 4-phenylenediamine as precursors on a highly reduced single crystalline The XPS experiments were performed using a Phoibos photoelectron spectrometer equipped with an Al Kα X-ray source as the incident photon radiation. While the incident photon radiation is fixed, complications arise due to charging effects during measurements of the pellet samples. The C 1s core levels of the phenyl ring between 285.0 and 287.0 eV were used for calibration based on earlier reported data [32] [33] [34] [35] [36] [37] [38] [39] [40] . Specifically, the signal at 285.0 eV was assigned to the four non-functionalized carbon atoms in the central part of the phenyl ring, while the peaks at 286.3 eV, 286.1 eV and 286.7 eV were assigned to the carbon atoms bound to amine, nitro and hydroxyl groups, respectively (see supporting information). The carbon tape may contribute to the signal intensity in the region 286.0-287.0 eV. However, the contribution is minor, and may merely change the peak intensity ratio of the four central carbon atoms of the phenyl ring to the two functionalized carbon atoms (2:1 in the ideal case). All N, Al and O spectra were calibrated and normalized according to the position and intensity of the C 1s core level. For the surface samples, the Ti 2p peak was used for the binding energy calibration. The overall resolution of the instrument is approximately 0.9 eV. At this resolution, the line energy positions could be determined with an accuracy of ±0.2 eV.
Computational Method. All DFT calculations were carried out with the Perdew-BurkeErnzerhof (PBE) exchange-correlation density functional [41] and the SV(P) basis set (double zeta valence basis set with polarization at all non-hydrogen atoms) with the resolution of density (RI) approximation for Coulomb integrals [42] accompanied by the corresponding auxiliary basis sets [43] as implemented in TURBOMOLE [44] . Geometries were freely optimized using redundant internal coordinates [45] until gradients were < 10 -3 Hartree/Bohr. Optimized structures were visualized with Materials Studio suite version 7.0.
Results and Discussion

Reactivity of TMA with homo-substituted phenyl molecules
The interactions between TMA and the three functional groups hydroxyl, amine and nitro were experimentally studied with XPS by tracing the changes of the C 1s, N 1s, O 1s, Al 2s and Al 2p core levels. Specifically, we measured the pristine 4HQ, 4PD and 4DN molecules before and after exposure to TMA and finally after exposure to air. In this way contamination by the environment was minimized and even metastable states could be identified. By applying X-rays with a low intensity, beam damage was minimized; indeed, only the nitro group showed some indications of X-ray induced reduction and cleavage, which is known from literature [34, 46] . Figure 2 shows the C 1s, N 1s and Al 2p XPS spectra of the three molecules. In Figure 2a , the C 1s core levels of pristine 4HQ, 4DN and 4PD are shown. The line shapes of the core levels of the three samples are symmetric but rather broad with a full width of half maximum (FWHM) being larger than 2.5 eV. This width stems from the contribution of two chemically nonequivalent carbon species within the phenyl ring, the four H-substituted and two functionalized carbon atoms. The H-substituted carbon atoms were assigned to 285 eV, while the functionalized carbon atoms were assigned to 286.7 eV (C-OH), 286.3 eV (C-NH 2 ) and 286.1 eV (C-NO 2 ), respectively [32] [33] [34] [35] [36] [37] [38] [39] [40] .
All changes of the C 1s, N 1s and Al 2s signals after the various exposures are summarized in Table S1 . As can be seen in Figure 2a , upon exposure of 4HQ to TMA and subsequently to air, the C 1s shows only marginal changes. In contrast, the C 1s peaks of 4PD
and 4DN become asymmetric after TMA dosing, indicating a new contribution at lower binding energies (BEs) of ~283.5 eV. The contribution can be assigned to the -CH 3 from TMA, albeit substantially lower than the 284.8 eV reported by Lubben [47] and Strongin [48] for condensed TMA films. Subsequent exposure to air results in a significant loss of those contributions, but neither of the samples fully recovers the pristine state. The N 1s core level spectra of the samples are shown in Figure 2c . Since 4HQ does not contain nitrogen, no signal is observed. The 4PD sample shows a single peak at 399.6 eV, which can be assigned to the amine group (-NH 2 ) [33] in the pristine sample. After TMA dosing the peak becomes asymmetric with a dominating component at Binding Energies (BEs) higher than 400 eV. Upon subsequent exposure to air, the peak recovers its position (BE=399.6 eV), but becomes broader. The pristine 4DN sample shows two peaks in the N 1s region. The peak centered around 406 eV corresponds to the NO 2 group, which is in good agreement with the literature [32, 34, 49] . The second and less intense feature located around 400 eV indicates a partial X-ray induced reduction of nitro groups to amine groups [34] or selective cleavage [46] . After dosing with TMA, the NO 2 peak shifts towards lower binding energies (405 eV), while the 400 eV feature remains largely unaffected. After subsequent exposure to air, only the peak at higher BE shifts back to around 406 eV, while the peak at around 400 eV remains unchanged.
The XPS spectra show that in dependence o n the chosen functional group either stable reaction products or metastable intermediates can occur. Especially the nature and quality of the intermediates may be difficult to identify by the XPS spectra only. humidity. This appears to be one of the major problems of MLD deposited thin films.
The Al atom in TMA is sp 2 hybridized, where one 3s and two 3p occupied orbitals bind to three methyl groups [50] [51] [52] [53] . The remaining empty 3p orbital defines its strong Lewis acidity and contributes to the high reactivity of TMA towards adsorption in ALD processes. The -OH groups in 4HQ ha ve lone electron pairs of Lewis basic character, as well as Brønsted acidic protons that can bind with the methyl ligands and eliminate as CH 4 . Therefore, the initial reaction between 4HQ and TMA is likely to be as follows:
We determined the energetic profile of the reaction R 1 by geometry optimization and transition state search using DFT. The resulting model predicts a two-step process for the reaction, where initially the empty 3p orbital of Al in TMA overlaps with the lone electron pair of the O in 4HQ, and forms a Lewis adduct. This corresponds to the E 2 state in Figure 3 . The calculated activation energy is negligible (E 1 -E 0 =3.1 kJ/mol) and thus the reaction is considered to be spontaneous.
Thereafter, one of the methyl groups of TMA would react with the H atom from the -OH group forming CH 4 . The energy barrier for this intramolecular proton transfer is only E 3 -E 2 =32.5 kJ/mol and lower than comparable barriers calculated for the formation of alumina by ALD [50] [51] [52] .
The newly formed CH 4 desorbs without a barrier, leaving dimethylaluminium chemically bound to the hydroxyphenoxide molecule (E 4 in Figure 3 错误!未找到引用源。). The overall energy gain for R 1 is calculated to be E=-149.7 kJ/mol. The reaction may proceed further according to the following scheme:
The energy profile for the reactions R 2 and R 2 * is shown in Figure 5Figure . Similar to the previous case, -NH 2 also contains a lone electron pair and is a Lewis base. Again, the adduct formation is essentially barrierless. After the adsorption, additional energy is needed to induce an intramolecular proton transfer from -NH 2 to one of the methyl groups in TMA. Evidently, the chemical bond of the proton in the NH 2 group is more stable than that in the OH group [54] . After completed proton transfer, the newly formed CH 4 desorbs and dimethylaluminium remains chemically bound to N with an energy gain of E 4 =-83.4 kJ/mol. Given that the amine groups contain a second proton, a further reaction may be possible. The product of the calculated pathway R 2 * for a second intramolecular proton transfer is shown in Figure 5 (E 5 ). The energy balance in that reaction is +190.5 kJ/mol relative to E 4 , and thus this reaction is considered to be unfavorable. However, the reaction of multiple 4PD molecules with one TMA molecule appears possible ( Figure S1 ). The further energy gains for a second and third elimination of CH 4 are -98.7 kJ/mol and -95.7 kJ/mol, favoring this scenario. The charge distribution in the product suggests that intramolecular transfer of a methyl group may be possible, which should happen according to R 3 ＊ :
The calculated energy profile for the reactions R 3 and R 3 ＊ is shown in Figure 6 . The interaction starts with a binding of TMA to a Lewis basic O atom, which is practically barrierless. However, ALD/MLD grown thin films often change their chemical properties after exposure to air [6] . This most likely reason for this is hydrolysis of the chemical bonds with H 2 O. Since our XPS experiments showed changes after exposure of the intermediates to air, we modeled possible reactions with H 2 O of the products from R 1 , R 2 and R 3 . The resulting possible reaction schemes and energies are listed in Table 1 and Table S2 . In each case, water can either eliminate CH 4 from the dimethylaluminium adduct (reactions labelled "a"), or hydrolyze the Al-O/Al-N adduct bond restoring the initial functionalized phenyl ring (reactions labelled "b"). Table 1 shows that the formation of CH 4 is the more exothermic reaction, consistently yielding -170 to -180 kJ/mol regardless of the involved functional group (R 1a , R 2a , R 3a , R 3d ). Therefore, it is very likely that all remaining Al-CH 3 bonds will first be hydrolyzed by H 2 O to convert the adduct toAl(OH) 2 or -Al(OH) 3 . We have not computed these hydroxide-based adducts, but expect that their reactivity will follow a similar trend to that shown in To summarize the calculated energetic profiles, the reaction starts in all three cases with molecular adsorption of TMA to specific sites of the functionalized benzene molecules. The calculated energies (Table 1) indicate that these adsorptions ( Figure S3 ) are all exothermic and essentially barrierless at T=0 K and therefore likely to occur in all three cases. Table 2 are much higher than for -OH (32.5 kJ/mol). This means that the reaction with -OH will proceed more rapidly. Consequently, TMA bound to 4PD or 4DN
may not lose methyl groups to an appreciable extent under the given experimental conditions. Table 2 shows that the activation energies (E 3 -E 2 ) for reactions of TMA with -NH 2 and -NO 2 are also substantially higher than those for the reverse reaction (E 0 -E 2 ), especially when entropy is considered (G 0 -G 2 ). It is therefore more likely that the adducts of TMA with 4PD and 4DN will split again to form the pristine molecules, rather than the reaction proceeding according to R 2 , R 2 * or R 3 *. Only in the case of 4HQ is the energy barrier for elimination of CH 4 (32.5 kJ/mol) lower than the TMA desorption energy (40.5 kJ/mol), indicating that elimination is likely until all CH 3 is consumed. Consistent with this, in the XPS data for 4HQ no peak for -CH 3 is observed after TMA dosing ( Figure 2a and Figure S4a ). Also the position of the Al 2p peak is located at 75.6 eV, which is expected for Al 2 O 3 [48, 55, 56] . This suggests a quantitative formation of Al-O bonds after dosing TMA to 4HQ. The finding that both C 1s and Al 2p showed only negligible changes upon exposure to air further supports this conclusion.
The core levels of the TMA-dosed 4PD sample show two particularities: (a) the shift of the N 1s core level towards higher BE indicates a formal increase of the oxidation state compared to the pristine pellet; (b) the unusually low BEs of 73.6 eV and 283.5 eV of the Al 2p
and C 1s core levels, respectively, indicate a formal reduction of TMA where values of 74.8 and 284.8 eV are reported for condensed TMA films [47, 48] . Similar chemical shifts of the C 1s and Al 2p core levels were observed previously for TMA adsorbed on a Si surface and are attributed to the interaction of TMA with dangling bonds on the Si substrate [57] . In our case this occurs most likely with the lone electron pairs of the amine groups.
In the 4PD-TMA Lewis adduct (E 2 in Figure 5 ), the N lone pair overlaps with the empty 3p orbital of Al, resulting in an electron density shift from N to Al. Consequently, N becomes more oxidized and Al more reduced. This tendency is obvious from the shift of the N 1s peak towards higher binding energies, if compared to 4PD. For the E 4 state, a shift of the N 1s core level towards lower binding energies would be expected [58] [59] [60] . Most likely the calculated high reaction barrier for the elimination of CH 4 from the 4PD adduct (R 2 ) favors the formation of the 4PD-TMA Lewis adduct rather than the E 4 product.
The interaction of TMA with 4DN must be different due to the lack of protons in NO 2 .
The C 1s at 283.5 eV ( Figure S4c) and Al 2p at 73.8 eV (Figure 2b ) are both in lower BE regions than observed from condensed TMA films [47, 48] , indicating an electron density shift from NO 2 towards TMA, similar to the 4PD sample. This strongly suggests the formation of a TMA-4DN
Lewis adduct (E 2 state in Figure 6 ), as predicted by DFT. Ideally, the fingerprint of the N 1s at BE close to 406 eV would give deeper insight. However, its interpretation is challenging due to the complex superposition of XPS spectra resulting from X-ray [34, 46] and TMA induced reduction of nitro to amine groups and a variety of possible shake-up processes [32, 34, 36, 49] . An important observation is that the shift of the N 1s peak is reversed after exposure of the 4DN-TMA samples to air, indicating a cleavage of the bond between Al and 4DN. Moreover, the drop in intensity of CH 3 as well as the shift of the Al 2p level towards higher BEs points towards formation of alumina [48, 55, 56] resulting from the reaction with water, perhaps along the lines of computed reaction R 3b (Table 1) . Thus, the scenario of methyl transfer to the NO 2 group is very unlikely.
Reactivity of TMA with hetero-substituted phenyl molecules
The hetero-substituted phenyls 4-aminophenol (4AP), 4-nitrophenol (4NP) and 4-nitroaniline (4NA) were chosen to evaluate the preferential interaction of TMA in presence of two different functional groups. Figure 7 shows the C 1s, N 1s and Al 2p XPS spectra of 4AP, 4NP and 4NA in their native, TMA dosed and subsequently air (H 2 O) exposed states.
The changes of the C 1s core levels of 4AP, 4NP and 4NA in Figure 7a are comparable to those previously observed for 4PD and 4DN in Figure 2a . The characteristic shoulder at lower binding energies appeared after TMA dosing and significantly decreased after further exposure to air. The Al 2p core levels in Figure 7b show comparable changes to the previously discussed cases of 4PD and 4DN. After exposure to TMA the Al 2p core level maxima of the 4AP and 4NP
samples appear around 74 eV and after subsequent exposure to air, they shift by about 0.6-0.8 eV towards higher BE.
The evolution of N 1s core levels can likewise be described as a superposition of the previously discussed effects. Specifically, the single N 1s feature around 396.6 eV in 4AP shifted to around 400 eV when exposed to TMA and reversed almost entirely after exposure to air. The behavior is similar to 4PD, but the shift is less pronounced. For the 4NP, a new peak close to 400 eV evolved upon exposure to TMA, which shifted towards higher BE upon exposure to air. The original peak of the pristine sample remained unchanged. In the case of 4NA, the most significant difference to the other samples is the width of the peak at 406 eV. Once exposed to TMA its intensity reduced and the peak shifted substantially towards lower BEs. After subsequent exposure to air, its intensity further reduced and the peak shifted back to some extent towards higher BEs. Whenever hydroxyl groups are present, TMA will irreversibly react with them. This can be derived from the observation that after exposure to TMA the CH 3 contribution to the XPS spectra in the 4AP and 4NP samples was roughly half of that in the respective 4DN, 4PD and 4NA samples (see Supplementary Figure S4 ). (ii) The reversible formation of TMA-4PD or TMA-4DN adducts is expected, considering that the changes in the C 1s, N 1s and Al 2p core levels are analogous for hetero-substituted and homo-substituted phenyls (Table S1 ).
An interesting observation is that the color of 4-nitroaniline (4NA) changed from its original yellow to pure red during dosing with TMA in an ex situ experiment, where 4NA was dissolved in ethanol and drop casted onto ultrasound cleaned glass slides and dried. The glass slide was then placed into the reactor of a Savannah 100 (Cambridge Nanotech Inc.) and infiltrated with TMA at 80 o C. However, after exposing the sample to air, the red color turns back to yellow within seconds. This is a clear evidence of a reversible interaction between TMA As MLD processes are normally performed on a solid substrate, in a further experiment the interactions of TMA with 4PD were investigated on a clean rutile (110) TiO 2 surface, in analogy to an MLD process. Here, TMA was first dosed to the clean TiO 2 surface and subsequently 4PD was introduced to interact with the adsorbed TMA. After TMA dosing, the C 1s, Al 2s and 2p peaks evolve in the XPS spectra shown in Figure 8 . Upon dosing of 4PD, the position of the C 1s peak in Figure 8a changes owing to the contribution from the carbons from the phenyl ring in 4PD. Upon exposure to H 2 O, the N 1s peak from -NH 2 shifts towards lower binding energies to a small amount, which indicates a change of the electronic state of the N. Figure 5 shows two energetically favored products (E 2 and E 4 ), both of which will react further in presence of water under hydrolysis of the bond between Al and N. Considering the shift of the N 1s peak to lower BEs, the reaction product after TMA dosing can only be the E 2 state, where the N in the TMA-4PD adduct is in a lower oxidation state compared to pristine 4PD. Therefore, the reversible adduct formation between amine-containing molecules and TMA precursors is expected to be valid for both MLD growth and infiltration processes. Although cleavage of the Al-N adduct bond implies that the 4PD would desorb from the surface after hydrolysis, the spectrum in Figure 8b clearly shows a presence of N after exposure to air. A very likely scenario is that the resulting Al(OH) 3 and 4PD remain bound through hydrogen bonds.
Conclusions
Understanding the reactivity between functional organic molecules and organometallic precursors is important for both the molecular layer deposition (MLD) and vapor phase infiltration processes. In this work, we studied the reactivity between some typical organic Each of the functional groups shows a different level of stability upon reaction with TMA under these process conditions. Our concerted XPS and DFT investigations show that in presence of -OH, Al will tightly bind to oxygen, eliminating H and CH 3 . The reaction is irreversible and quantitative until all methyl groups are consumed. In the case of -NH 2 , TMA will reversibly adsorb to the nitrogen site. Upon reaction with water, Al(OH) 3 will form and then the Al-N bond will be cleaved. Intermolecular interaction in the form of hydrogen bonds between Al(OH) 3 and the NH 2 group is likely to remain. Finally, in the case of -NO 2 , the XPS spectra indicate that TMA will reversibly adsorb to only one of the oxygen atoms and, like -NH 2 , desorb as Al(OH) 3 upon reaction with water.
The results can be largely correlated to some previous reports. The MLD process using TMA and 4-hydroquinone was successfully performed and studied at low temperatures [61] [62] [63] .
However, only one publication described the MLD process involving TMA and 4-phenylenediamine, which works at 400 °C. The resulting film is unstable and decomposes upon contact with humidity [64] . Furthermore, for ALD processes it is known that aluminum oxide is much easier grown than aluminum nitride [65] . The nitride processes typically require much higher processing temperatures with NH 3 or alternatively need assistance of nitrogen plasma [66] [67] [68] .
Those results are in good agreement with our observations that higher energy barriers need to be overcome for obtaining an Al-N binding, which still may not be stable upon contact with humidity. Concerning nitro groups, no corresponding MLD processes with TMA have been reported so far. However, nitro groups ha ve been witnessed to enable adsorption of TMA to inert substrates and thus nucleation of alumina. This was achieved by first dosing NO 2 gas onto carbon nanotubes or graphene, or grafting of carbon nanotubes with 4-nitroaniline. TMA adsorbed to those molecules and subsequently allowed a growth of Al 2 O 3 [69] [70] [71] [72] . Those experiments verify that at least in-situ an interaction of nitro groups and TMA occurs, indicating at least a weak interaction between TMA and nitro groups as observed in the present work.
The calculations further predict that TMA may react with amine or nitro groups via methyl-transfer to give stable products, but only if the substantial activation barrier is overcome. 
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